Toxoplasma gondii is a common life-threatening opportunistic infection. We used experimental murine T. gondii infection to optimize the PCR for diagnostic use, define its sensitivity, and characterize the time course and tissue distribution of experimental toxoplasmosis. PCR conditions were adjusted until the assay reliably detected quantities of DNA derived from less than a single parasite. Forty-two mice were inoculated intraperitoneally with T. gondii tachyzoites and sacrificed from 6 to 72 h later. Examination of tissues with PCR and histology revealed progression of infection from blood to lung, heart, liver, and brain, with PCR consistently detecting parasites earlier than microscopy and with no false-positive results. We then evaluated the diagnostic value of this PCR assay in human patients. We studied cerebrospinal fluid and serum samples from 12 patients with AIDS and confirmed toxoplasmic encephalitis (defined as positive mouse inoculation and/or all of the Centers for Disease Control clinical diagnostic criteria), 12 human immunodeficiency virus-infected patients with suspected cerebral toxoplasmosis who had neither CDC diagnostic criteria nor positive mouse inoculation, 26 human immunodeficiency virus-infected patients with other opportunistic infections and no signs of cerebral toxoplasmosis, and 18 immunocompetent patients with neurocysticercosis. Eleven of the 12 patients with confirmed toxoplasmosis had positive PCR results in either blood or cerebrospinal fluid samples (6 of 9 blood samples and 8 of 12 cerebrospinal fluid samples). All samples from control patients were negative. This study demonstrates the high sensitivity, specificity, and clinical utility of PCR in the diagnosis of toxoplasmic encephalitis in a resource-poor setting.
The emergence of human immunodeficiency virus (HIV) has increased the need for more sensitive and efficient diagnostic tests for opportunistic infections. Latent Toxoplasma gondii infections have a high risk of progressing to toxoplasmic encephalitis in immunocompromised patients. For example, 30 to 50% of HIV-positive Toxoplasma-infected individuals develop cerebral toxoplasmosis (6, 23, 26, 30) . Undiagnosed primary toxoplasmosis in pregnant women can also cause severe congenital infection in the developing fetus (9, 10, 31) . For these reasons, there has been a considerable effort to develop a more reliable and efficient technique for rapid diagnosis of active Toxoplasma infection (2, 19, 20, 23, 30) .
Serological testing for anti-Toxoplasma immunoglobulin is one commonly used technique but has many limitations. In particular, the production of specific antibodies to T. gondii is often delayed or impaired in immunocompromised patients (6, 18) . The seroprevalence of T. gondii antibody is approximately 50% in healthy HIV-positive patients; a significant rise in immunoglobulin G (IgG) levels occurs during active toxoplasmosis in only 30% of patients, and only 2% of patients demonstrate a change in IgM titers during cerebral infection (26) . For these reasons, serology is not useful for diagnosis of cerebral abscess formation in immunocompromised patients. Other diagnostic methods, such as direct microscopic detection of T. gondii in blood and mouse infection, either have a low sensitivity or are slow and thus of little clinical use (15) . Computed tomography and magnetic resonance imaging are important clinical methods of diagnosis but are often not available in Third World settings. A definitive diagnosis often requires brain biopsy, but this method is associated with significant morbidity and mortality and is insensitive, confirming only half of the cases of cerebral toxoplasmosis (11, 29, 30) .
PCR has also been used to detect T. gondii infection (5, 8, 12, 13, 17, 24, 25, 29) . Most studies have used the B1 gene repetitive sequence and reported sensitivities ranging between 13.3% and 65% when testing cerebrospinal fluid (3, 14, 25) . Several studies have demonstrated the diagnostic value of PCR with blood samples, but sensitivities have varied widely, from 25% to 77% (11, 12, 14, 17) .
Here, we used a murine toxoplasmosis infection model to optimize a PCR assay for the T. gondii B1 gene repetitive sequence. We then validated this test in tissues, blood, and secretions from mice as they developed toxoplasmosis, compared with control samples from healthy mice. In light of the results from these laboratory experiments, which demon-strated high sensitivity and specificity, we evaluated the clinical utility of this test for diagnosing active cerebral toxoplasmosis in cerebrospinal fluid and blood samples from Peruvian patients with and without suspected cerebral toxoplasmosis. positive for T. gondii. Ten of the 12 confirmed toxoplasmosis patients were positive by the clinical diagnostic criteria. Five of the 12 confirmed toxoplasmosis patients were positive by both clinical criteria and mouse inoculation. Twelve cerebrospinal fluid samples and nine blood samples were available from the confirmed toxoplasmosis patients. An additional 12 HIV-positive patients had suspected cerebral toxoplasmosis but did not meet the CDC diagnostic criteria and did not have a positive T. gondii mouse inoculation. Eleven cerebrospinal fluid samples and 11 blood samples were available from these 12 patients. Twenty-six HIV-positive control patients had an undiagnosed active opportunistic infection with neurological symptoms but no suspicion of cerebral toxoplasmosis. Six of these patients were later confirmed to have tuberculosis.
Cerebrospinal fluid samples were available from all 26 HIV-positive control patients, and blood samples were available from 23. Eighteen immunocompetent control patients (confirmed HIV negative by enzyme-linked immunosorbent assay and Western blot) had confirmed neurocysticercosis, all of whom provided both cerebrospinal fluid and blood samples. Neurocysticercosis patients were selected because cerebrospinal fluid sampling is part of the investigation of this condition, which is prevalent in Peru. This study was ethically approved by the institutional review boards of the Asociacion Benéfica Proyectos en Informatica, Salud, Medicina y Agricultura and the Universidad Cayetano Heredia. All study participants gave informed written consent and received appropriate treatment.
Serology. Specific anti-T. gondii IgG antibodies were detected by Western blot with plasma diluted 1:100 and cerebrospinal fluid diluted 1:50, as previously described (18) . Briefly, antigen was prepared from T. gondii tachyzoites derived from murine peritoneal infection, the secondary antibody was peroxidase-conjugated anti-human IgG (CDC), and diaminobenzidine was used as the chromogen. Samples were considered positive if either the 20-kDa or 32-kDa diagnostic band was present (7) .
Diagnostic mouse inoculation. Mouse inoculation was performed concurrently with PCR if there was sufficient blood and/or cerebrospinal fluid. Blood samples (5 ml) in tubes with EDTA were diluted 1:1 with Ficoll Histopaque (Sigma Diagnostic Inc., St. Louis, Mo.) and centrifuged at 2,000 ϫ g for 20 min to isolate leukocytes. Mice were inoculated by the intraperitoneal route with 0.5 ml of leukocyte-rich fluid. Cerebrospinal fluid samples were injected directly in volumes of 0.5 to 1 ml. The inoculated mice were sacrificed after 2 months, intraperitoneal fluid was collected, and liver, lung, heart, and brain tissue were fixed in formalin and embedded in paraffin blocks. Then 5-m sections from these blocks were stained with hematoxylin and eosin and examined by a pathologist. The mouse inoculation was considered positive if histology revealed tachyzoites, and these cases were considered laboratory-confirmed toxoplasmosis (8) . On almost all occasions, uninfected control mice were sacrificed at the same time as the experimentally inoculated mice to ensure that there was no environmental source of T. gondii in this mouse colony.
CD4 counts. A sandwich type immunoenzymatic test (Kit TRAX CD4; Diamedix Corporation, Miami, Fla.) was used according to the manufacturer's instructions to measure the number of CD4 lymphocytes per microliter of blood sample for all patients.
RESULTS
PCR sensitivity. The T. gondii PCR was found to perform with optimum sensitivity and specificity with 2.5 mM MgCl 2 and the following cycling parameters: 94°C for 3 min, then 38 cycles at 94°C for 40 s and 67 o C for 1 min. The PCR was completed with 10 min at 72 o C. Under these conditions, the PCR was sensitive enough to detect as a faint band a minimum of 5 ϫ 10 Ϫ14 g of DNA, which is equivalent to the DNA yield from 0.5 parasite. When DNA was extracted from a solution containing five parasites, a strong band was evident. All PCR results were identical in duplicate. A representative agarose gel of PCR products is shown in Fig. 1 .
DNA extraction. If run immediately, PCRs performed on DNA obtained by both extraction techniques gave similar results. However, the DNA purified with Chelex 100 provided reproducible amplification only after up to 2 months of storage at Ϫ20°C. In contrast, DNA purified with the Qiagen kit provided reproducible amplifications after up to 1 year of storage at Ϫ20°C.
Chronological progression of toxoplasmosis.
The results from the mouse infection model PCR validation are shown in Table 1 . After intraperitoneal infection, T. gondii DNA was detected by PCR first in intraperitoneal fluid 18 h postinfection, followed by progressive dissemination to blood, lung, heart, and liver by 36 h, and finally to the brain by 72 h postinfection. The study also showed that by 72 h, 100% of inoculated mice had positive PCR results in the intraperitoneal fluid. By histology, T. gondii was first detected 48 h postinfection in heart tissue and then subsequently in lung and liver. However, at 72 h postinfection, T. gondii was still not detected by histological examination of the brain. Histology was not performed on ascitic fluid and blood. All samples from the seven control mice were negative in both histology and duplicate PCR tests.
Clinical utility of T. gondii PCR. PCR results were compared with the defined gold standard of positive results from mouse inoculation and/or clinical diagnosis ( Table 2 ). All of the duplicate PCR assays were negative except for the 12 patients with diagnosed cerebral toxoplasmosis, 11 of whom had positive PCR results (92% sensitivity, 6 of 9 positive blood samples and 8 of 12 positive cerebrospinal fluid samples). These results give an identical sensitivity of 67% for PCR with either blood or cerebrospinal fluid. Of the seven positive mouse inoculations, one was negative by clinical diagnosis and by PCR of both cerebrospinal fluid and blood. All PCR results were negative except for samples from patients with confirmed toxoplasmosis, demonstrating that the PCR had 100% specificity in this study. The positive predictive value of the PCR was identical for cerebrospinal fluid and blood (100%), and the negative predictive value of the PCR with cerebrospinal fluid and/or blood was 97%. a Negative, PCR or histology gave negative results for the detection of T. gondii parasites. Liver, brain, heart, and lung were analyzed by both PCR and histology at each time, and ascites and blood samples were analyzed only by PCR. Tissues not listed in the table were negative. Although five mice were sacrificed at each time point, one mouse died before 72 h, and one sample each of blood and ascites were destroyed. 
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DISCUSSION
This research demonstrated that PCR is a relatively simple and rapid procedure that can be performed in a developing country with a reasonable laboratory infrastructure, such as Peru. The B1 primer has theoretical advantages because each tachyzoite contains approximately 35 DNA copies of this gene (7) . The sensitivity of this primer has also been reported in nonimmunosuppressed cases with amniotic fluid, cerebrospinal fluid, aqueous humor, tissues, or blood for diagnosis of active disease (7, 12, 23, 25) . The PCR sensitivity found in this study is significantly higher than that reported by previous studies. This discrepancy may in part reflect the fact that patients in Lima present with more advanced opportunistic infections, the high prevalence of toxoplasmosis in the Peruvian population selected for our study, or optimization of the laboratory techniques that we used (7, 16) .
One of the advantages of the PCR assay over diagnostic mouse inoculation, biopsy, and other assays is the rapidity of PCR. DNA extraction took approximately 2 h, the thermocycling reaction itself took 1.5 h, and visualization of PCR products with ethidium bromide-stained gels typically took 1 h. All of these procedures can easily be performed in one working day, and recently developed technology for the real-time identification of PCR products could be used to further reduce the time taken for this assay. However, this would currently increase costs considerably and make this test less suitable for use in the developing countries where most HIV-positive people live.
In this and other studies, the majority of patients were seropositive for IgG against T. gondii (6, 10, 18, 28) . However, two patients with confirmed cerebral toxoplasmosis (by clinical diagnosis, mouse inoculation, and PCR) had negative serology by Western blot. This is comparable to a previous study that also found that 5 to 10% of a study population of HIV-positive patients with confirmed toxoplasmosis may have negative serology to T. gondii (32) . This may be due to immunoparesis in advanced AIDS or the result of an acute primary T. gondii infection rather than reactivation (6,,18,,27) .
Previous serological studies have indicated that toxoplasmosis manifests as encephalitis when a latent T. gondii infection undergoes reactivation due to a low CD4 count (19, 22, 28, 33) , and cerebral toxoplasmosis develops in approximately 30% of AIDS patients with prior evidence of positive T. gondii serology (6, 23, 33) . In our study, the average CD4 count of patients who were HIV positive and had confirmed cerebral toxoplasmosis was significantly lower than that of the HIV-positive patients without cerebral toxoplasmosis and the HIV-negative patients. Although this is consistent with cerebral toxoplasmosis generally developing in patients with advanced immunosuppression, it is possible that the toxoplasmosis itself could have caused suppression of the CD4 count. This is the first report of PCR validated against evolving experimental infection. This murine model demonstrated the time course and dissemination pattern of toxoplasmosis and the high sensitivity of the assay, which consistently detected parasite DNA before the development of histopathological changes. Previous studies have shown that PCR has high sensitivity (Ͻ10 organisms on PCR) in experimental acute murine toxoplasmosis (32, 34) . Interestingly, the dissemination pattern of toxoplasmosis also demonstrated that cerebral infection occurred later than in other tissues, possibly marking the development of murine immunity and resultant encystment in the immunologically privileged brain tissues. We also found that mice infected by the intraperitoneal route had positive PCR results from ascitic fluid as little as 18 h after infection. This suggests that the speed of diagnosis in the mouse inoculation model may be increased if PCR of murine ascitic fluid is added to the diagnostic protocol when used in the diagnosis of toxoplasmosis, although direct PCR analysis of patient cerebrospinal fluid and blood may make the mouse inoculation assay redundant.
Southern blot hybridization was not used to confirm the identity of the PCR products. However, the reliability of these PCR primers has been validated in previous research (3, 13, 31) , and their identity in the current study was confirmed by the size of the PCR product in comparison with molecular weight markers. Furthermore, our use of positive and negative control samples from parasite cultures, experimental mouse tissues, diagnostic mouse tissues, and patient samples provided further evidence of the sensitivity and specificity of the PCR assay.
The B1-specific gene probe used for the detection of T. gondii does not cross-react with other microorganisms found in immunocompromised patients such as Sarcocystis spp., Neospora spp., Plasmodium spp., Aspergillus spp., Candida spp., and Cryptococcus spp. Studies have reported that the B1 gene is able to detect approximately a single tachyzoite in ocular fluids (2, 3) and also that B1 primers were not compromised when large amounts of human lymphocyte DNA were present. This level of sensitivity is similar to the PCR assay of this study, which detected DNA equivalent to half of one tachyzoite.
This study demonstrates that PCR is a diagnostic technique with relatively high sensitivity when used with either cerebrospinal fluid or blood samples. Analyzing both cerebrospinal fluid and plasma from each patient increased the clinical reliability of this assay. Collection of cerebrospinal fluid as well as blood is therefore advantageous when there is no suspicion of raised intracranial pressure and lumbar puncture is therefore safe. Future recommendations include the use of both cerebrospinal fluid and blood samples from the same patient in order to increase the sensitivity of PCR detection and the use of PCR conditions such as those reported here that provide high sensitivity.
In developing countries, diagnostic imaging by computed tomography scanning or magnetic resonance imaging is often not available, whereas PCR can be performed at much lower cost. These results demonstrate that this simple and inexpensive assay has sufficient sensitivity and specificity to usefully augment clinical diagnosis of cerebral toxoplasmosis in immunocompromised patients.
